Salt-induced hypertension has been widely studied in rats, monkeys, chimpanzees and humans. Until recently, the multiple phases of this blood pressure increase to high salt intake had not been closely studied. This work builds upon a recent study, which developed a grey-box multicomponent model of salt-induced hypertension in the Dahl-S rat. The previous 3-component model has been extended here to include additional model dynamics to improve the model fit and add new important elements to the model response. The model was optimised using numerical techniques with experimental data from 4 different protocols with Dahl-S and hybrid rats. Results show a marked improvement over the previous model and confirm the merit of the 5-component model structure.
INTRODUCTION
Salt-induced hypertension (SIH) is a process whereby a subject develops high blood pressure (BP) due to high salt intake. The BP response to salt has been widely studied in chimpanzees (Denton et al. (1995) ), spider monkeys (Srinivasan et al. (1980) ), rats (Dahl (1961) ) and humans (O'Shaughnessy and Karet (2006) ).
Until recently, salt-induced hypertension was viewed as a single event and different time courses of the development of hypertension were not appropriately distinguished. This was mainly due to a lack of long term data sampled at short enough intervals to determine different phases of the response. VanVliet et al. (2006) first emphasised the presence of two distinct phases of SIH in Dahl salt-sensitive (Dahl-S) rats. Their study showed that similar effects were also present to various extents in hybrid rats.
Based on this idea, and using the same experimental data, a multi-component grey-box model was created to simulate the acute and progressive time-courses in BP increase due to high salt intake (McLoone et al. (2009) ). The model comprises three dynamic components, as shown in Fig. 1 , and was optimised for both salt-sensitive and hybrid rats. The model was shown to fit the data reasonably well and possible physiological explanations were assigned to each component. A major drawback, however, is the inability of this 3-component model to account for certain features present in the experimental data.
In the present study, the existing 3-component model is extended to improve the data fit and assign a model structure more representative of the underlying physiological system. Two new model components were developed using the average of each experimental protocol (i.e. the 'mean animal'), as it is relatively noise-free data, which emphasises features present in most if not all animals within a data set. Subsequently, the models were parameterised for each individual animal.
The remainder of the paper is organised as follows: Section 2 gives a brief overview of the data sets used in this study and Section 3 shows the model structure development. Section 4 describes the numerical techniques employed for model parameter optimisation, while Sections 5 and 6 present the results and discussion of the work.
EXPERIMENTAL DATA
Data from four different experimental protocols was used in this study. Plots of the 'mean animal' data for each protocol as well as the respective salt inputs are shown in Figures 2 and 3.
Protocol 1
Experimental protocol 1, described in detail in VanVliet et al. (2006) , was conducted on nine 3-month old male Dahl-S rats from the Brookhaven strain. A step increase in dietary salt intake was applied for 6 weeks (4% NaCl), followed by a 4-week recovery period with normal salt intake (0.7% NaCl). Blood pressure was recorded using telemeters at a rate of a sample per minute. The 24-hour average mean arterial pressure (MAP) was used in the Proceedings of the 7th IFAC Symposium on Modelling and Control in Biomedical Systems, Aalborg, Denmark, August 12 -14, 2009 ThCT1.4 "The material submitted for presentation at an IFAC meeting (Congress, Symposium, Conference, Workshop) must be original, not published or being considered of Protocols 1 and 2, compared to the experimental data
Protocol 2
Protocol 2 was designed to investigate the reversibility of salt-induced hypertension and was reported in VanVliet et al. (2006) . The protocol included variations in salt intake during a course of eleven weeks. The subjects were five male Dahl-S rats, instrumented with telemeters for blood pressure recording. Weeks 1, 3, 7 and 11 included normal salt diet of 0.7% NaCl, while during weeks 2, 4-6 and 8-10 the animals were given high salt diet of 4% NaCl.
Protocol 3
Protocol 3, described in McLoone et al. (2009) , investigates the effect of short-term changes in salt intake of male Dahl-S rats on their daily mean BP level. The salt levels in the diet were varied in a pseudo-random binary sequence where, at each day of the experiment, the level of salt was either changed or it stayed the same. BP telemeters were implanted in all rats and a recovery period was allowed before a high salt diet was given. The protocol was 72 days long and the daily mean BP level was calculated as the average level of MAP sampled once each minute. The dietary salt level was manipulated in the following manner, 0000000001 1111101010 1100110111 0110100100 1110001011 1100101000 110000100000, with each '0' representing a 24h exposure to a regular salt diet (0.7% NaCl) and each '1' indicating a 24h exposure to high salt diet (4% NaCl).
Protocol 4
Protocol 4, similarly to Protocol 1, was conducted to study the BP response to a step increase in salt level in the diet of rats. 13 male FF2-hybrid rats (progeny of the cross between Dahl-S and Dahl-R rats) were studied. Following a control week on a regular salt diet containing 0.7% NaCl, a high salt diet of 4% NaCl was given for 10 weeks and then returned back to a regular salt diet for 1 week. BP was measured using implanted telemeters. The protocol is described in detail in VanVliet et al. (2006) .
MODEL DEVELOPMENT
The existing 3-component model in McLoone et al. (2009) has salt intake levels as input and BP variation from baseline as output, and consists of the following dynamic components:
• an 'acute salt-sensitivity' component, comprising a first order transfer function with steady state gain G as (mmHg/%NaCl) and time constant τ as (days). This component represents the reversible change of BP over a few days to a week.
• a 'progressive self-sustaining' component consisting of a simple integrator with gain G ir , and simulating a slow, progressive and irreversible BP increase.
• a 'progressive-acute' component consisting of an integrator term with gain G pr , which creates a progressive amplification of the gain G as of the 'acute salt-sensitivity' component of the model.
4-component model
As some features of the data were not well represented by the 3-component model in McLoone et al. (2009) , expansion of the model was required. In Fig. 4 , showing model responses for an animal from Protocol 1, after the high salt stimulus is removed BP recedes to lower levels, undershooting before settling to its new steady-state value.
It is impossible to achieve the undershooting response without the addition of an extra component to the existing model.
The fourth, 'compensatory' component, designed to aid model the overshoot in the data, is shown in Fig. 5 . It consists of a first order dynamic, whose response opposes the increase in BP due to high salt intake. This is generally consistent with the physiology of the blood pressure control system, which is a complex mixture of balancing neural, hormonal and autoregulatory interactions, and thus it is expected that certain mechanisms will counteract the effect of salt on BP, e.g suppression of angiotensin and aldosterone production (Cholewa and Mattson (2001) ).
5-component model
A further set of dynamic components is subsequently added to enhance the model response by accounting for different rates of BP increase and decrease during the (Fig. 6 ). These dynamics work in conjunction with the 'acute saltsensitivity' component, where during high salt intake, the 'stimulation' component is activated, while during normal salt intake, the 'relaxation' component takes over. This is reasonable, since substances involved in BP control may have different formation and dispersion mechanisms and associated activation rates.
Neural network model
Neural networks are black-box models, with potentially unlimited level of complexity and capabilities to model non-linear systems. For comparison purposes, a neural network model was implemented in order to assess whether a purely black-box model would perform better for the existing data sets than the 4-and 5-component models. This would give an estimate of the degree to which the grey-box model assimilates all the dynamics and characteristics contained in the data.
In order to make the models comparable, the output of the neural network is a multi-step ahead prediction. The network was trained separately for each individual animal. As the data sets are very short and all samples were used during training, no validation data was utilised and thus training was stopped after no more than 30 iterations. A small number of neurons was employed to enhance parsimony.
Three single layer and one two-layer dynamic network structures were studied. The three single layer structures had inputs as follows:
• NNET1: the present value of the salt intake and two past values of the BP output, • NNET2: the present value of the salt intake and three past values of the BP output, and • NNET3: the present and one past value of the salt intake and two past values of the BP output.
The two-layered neural network (NNET4) had the present value of the salt intake and two past values of the BP output as inputs to the network. All outputs were those predicted by the network. As example, Fig. 7 shows a diagram of NNET1/NNET4. Fig. 7 . Example neural network structure, with u k andŷ k being the current salt input and MAP output of the network respectively, andŷ k−1 andŷ k−2 being the delay input line formed by two past estimated MAP outputs of the network.
MODEL OPTIMISATION
All grey-box models were parameterised for each individual animal in all 4 protocols and errors were calculated. MatLab's Simulink was used for model implementation, while the parameter optimisation for the grey-box models was done using Nelder-Mead simplex algorithm (Lagarias et al. (1998) ). The objective function to be minimised (J) was defined as the Mean Squared Error (MSE) between model results and experimental data:
where,
• N is the number of samples in the data set, •ŷ i is the blood pressure data obtained from the model simulations, and • y i is the experimental blood pressure data. The neural network model was implemented using MatLab's Neural Network Toolbox. The nonlinear functions in the hidden layer were logsig, while those in the output layer were linear. The Levenberg-Marquardt algorithm was used for network training. The objective function to be minimised was again the MSE shown above.
RESULTS
The model results for the 4-component, 5-component and neural network models are presented here, with the results of the 3-component model given for reference. Table 1 lists the mean model parameter values over each protocol for the 4-component model. The 'acute saltsensitivity' gain G as is clearly lowest for Protocol 4, which is expected as the hybrid animals have a selection of genetic types, varying from salt-sensitive to salt-resistant, while the time constant τ as is similar across all protocols. The 'self sustained component' gain G ir is also lowest for the hybrid rats, and highest for the animals of Protocol 1, as they are exposed to prolonged, uninterrupted high salt intake. gains of the Protocol 4 animals are consistently lower than those of the salt-sensitive rats. The advantages of the additional 'stimulation' and 'relaxation' components become clear here. The time constant values of the stimulation dynamics τ st are prominently larger than those of the relaxation component τ rel for all protocols. This helps improve the 5-component model fit, as shown in Fig. 4 , where the responses of the different models are compared for one particular animal (SB11).
4-component model

5-component model
A comparison of the mean MSEs and standard deviations (STD) for each protocol is shown in Table 3 . Each additional component included in the model leads to a marked reduction in MSE for all 4 protocols. An F-test (Ludden et al. (1994) ) was performed to assess whether the increase in the model complexity is justified. In general, an F-test value is calculated to compare the performances of two models, a simple and a more complex one, with respect to the number of their parameters. As the result of the test is a ratio of performances versus complexity between the simpler and the more complex models, an F-test value of 1 signifies that the two models perform equally well for their respective order of complexity, while an F-test value greater than one signifies a merit in the use of the more complex model. The degree to which the F-test value exceeds 1 is also a measure of confidence interval on the F-value, depending also on the number of samples in the data set and the number of parameters used. In our study, two F-test values were calculated, one comparing the 3-and 4-component models (F1) and the other comparing the 4-and 5-component models (F2). The two mean F-test values with their associated confidence intervals are presented in Table 4 for each protocol. From the results it can be seen that increase in complexity both from 3 to 4 components and from 4 to 5 components is justifiable with very high confidence for all protocols except for the one with hybrid animals (Protocol 4). In the hybrid animal data set, the F-test values are greater than 1; however the confidence intervals are lower than those for Protocols 1-3. Since some of the hybrid animals have genetic make-up of salt-resistant animals, and thus lack some of the response features of the salt-sensitive animals, it appears that not all model components are necessary to represent their response. It is the intent, however, to have a general model, which can represent both salt-sensitive and salt-resistant animals, thus some model components may inadvertently appear redundant in the latter case but are essential in the former. Another measure of comparison between the models is the residuals test. A plot of the residuals for one animal (SB11) is shown in Fig. 8 , while the autocorrelation of the residuals is shown in Fig. 9 . Both plots confirm improvement with the addition of component 4 and then component 5 to the model. With each new component the residuals become less correlated, thus approaching white noise. This also shows that the majority of the signal is explained by the 5-component model and the addition of any further component would not be required, as the small improvement in fit would be unlikely to justify the increase in complexity. However, the examination of an unstructured black-box model may reveal the degree to which outstanding correlated data can be modelled.
Figures 2 and 3 show plots of the 5-component model results for the 'mean animal' for each protocol and compare them to the experimental data. These plots confirm the quality of the model fit and give merit to the model structure. Table 5 shows the mean MSEs and standard deviations for the various neural network models. Surprisingly, results are not as good as those for the grey-box models. There are a number of potential reasons for the poor response of the neural networks. The data sets have very few samples (<80) and the networks were trained on individual animals only. No validation data was used, therefore training had to be stopped early to avoid over-fitting. With further refinement of the neural network models arguably better results could have been obtained. However, the purpose was to assess how well models with strictly defined structure and based on some physiological principles (the 4-and 5-component models) could perform compared to purely black box models. 
Neural networks
DISCUSSION
This study highlights the multi-component nature of saltinduced hypertension by describing two additional model components, of different complexity, which represent the time course of BP response to high salt intake in Dahl-S and hybrid rats. Not all features of the BP response to high salt intake are evident in every protocol due to the various salt intake sequences used as excitation, therefore the 'mean animal' of all 4 protocols was used in the model development stage in order to obtain a generic structure with the ability to represent a variety of responses. The previous 3-component model by McLoone et al. (2009) represented a good starting point in the modelling of saltinduced hypertension but lacked the complexity to depict all major features of the BP response. Table 3 shows the large reduction in error in the 5-component model compared to the initial 3-component model.
The 5-component model developed here is so far the most comprehensive model of salt-induced hypertension in Dahl-S rats. The model fits the data very well and the components are reasonably intuitive and have some physiological basis. The autocorrelation of the residuals approaches that of white noise, justifying the completeness of the model structure. The neural network models, and their inferior performance compared to the grey-box models, have manifested the importance in using physiological knowledge in model development. Arguably, the neural network models could have been further refined in order to achieve better MSE results, however it is futile to strive for minimal errors, when no practical knowledge can be gained from the system. Moreover, this one-to-one comparison emphasises again that any further increase in model complexity would not necessarily improve the 5-component grey-box model response.
The 5-component model has helped gain an insight into the processes involved in blood pressure control and saltinduced hypertension and it is important for future experimental protocols to be designed in view of the fact the BP increase due to salt intake has numerous components, some reversible and others irreversible. It is not within our expertise to assign exact physiological meaning to the various additional dynamics in the model. Nevertheless, it is believed that the 5-component model articulates clear and distinct characteristics which, we believe, are caused by separate physiological phenomena. The combination of 'acute salt-sensitivity' and 'progressive acute' components coincides with the time course of re-establishment of salt balance within days. The 'self-sustained' component, leading to an irreversibility of BP increase, could be attributed to the vascular remodelling and/or renal damage such as fibrosis and hypertrophy. The 'compensatory' component, could be related to mechanisms such as the suppression of the renin-angiotensin-aldosterone system, which opposes BP increase, while the combination of 'stimulation' and 'relaxation' dynamics, can be attributed to a hysteresis effect, typical of systems where substances are produced and dispersed at different rates.
We believe that appropriate experiments should be conducted in order to differentiate between the various response components and to attempt to understand their exact physiological significance. Furthermore, we know from Dahl's studies (Dahl (1961) ; Dahl and Schackow (1964) ) that hypertension has genetic etiology and that multiple genes are involved in the BP increase due to salt, therefore it would be beneficial to utilise the multicomponent model presented here to determine if different genes are responsible for the different response components and also to establish what those genes are.
In the future, additional excitation signals and protocols may be studied in order to provide the model with the ability to model inter-animal variation in BP, as presently the model is optimised to simulate the response of individual animals only. In addition, experiments similar to the ones described in this work, are currently carried out on Sprague Dawley rats in Prof. Van Vliet's Laboratory. These would help confirm the suitability of the 5-component model structure to fit data from a wider variety of animals, ranging from normotensive to hypertensive.
